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Abstract 

Influence of the fourth generation, if ever exists, on the experimentally measur- 
able quantities such as invariant dilepton mass distribution, lepton forward-backward 
asymmetry, and the ratio F l /Tj- of the decay widths when K* meson is longitudinally 
and transversally polarized, is studied. Using the experimental results on the branch- 
ing ratios for the B Xg'j and semileptonic B — > Xcii' decays, the two possible 
solutions of the 4x4 Cabibbo-Kobayashi-Maskawa factor Vfsyt'b ^-re obtained as a 
function of the t'-quark mass. It is observed that the results for the above-mentioned 
physical quantities are essentially different from the standard model predictions only 
for one solution of the CKM factor. In this case the above-mentioned physical quan- 
tities can serve as efficient tools in search of the fourth generation. The other solution 
yields almost identical results with the SM. 
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1 Introduction 



At present Standard Model (SM) describes very successfully all low energy experimental 
data. But from theoretical point of view SM is an incomplete theory. This theory contains 
many unsolved open problems, such as the origin of CP violation, mass spectrum, etc. 
Another one of the unsolved fundamental problems of SM is the number of generations. 
There is no any theoretical argument to restrict the SM to three known generations of the 
fermions. From the LEP result of the invisible partial decay width of Z boson it follows 
that the mass of the extra generation neutrino iV should be larger than 45 GeV |1|] . In this 
connection there comes into mind the following question: If extra generations exist, what 
effect they would have in low energy physics? This problem was studied in many works 
(see for example and the references therein). 

Contributions of the new generation to the electroweak radiative corrections were con- 
sidered in papers 0-||15|. It was shown in that the existing electroweak data on the 
Z-boson parameters, the W boson and the top quark masses strongly excluded the exis- 
tence of the new generations with all fermions heavier than the Z boson mass. However 
the same data allows few extra generations, if one allows neutral leptons to have masses 
close to 50 GeV . 

The most straightforward and economical generalization of the SM to the four-generation 
case is similar to the three generations present in SM |T^, which we consider in this work. 
One promising area in experimental search of the fourth generation, via its indirect loop 
effects, is the rare B meson decays. This year the upgraded B factories at SLAC and 
KEK will provide us with the first experimental data. It is also well known that in the SM 
B — > K*i'^i^ decay has "large" branching ratio and it has experimentally clean signature 
because two leptons are present in the final state. For this reason this decay is one of the 
most probable candidates to be detected in these machines and in our view it is the right 
time for an investigation in this direction. 

In this work we study the contribution of the fourth generation in the rare B K*t^i~ 
decay. At the same time this decay is sensitive to the various extension of the SM, because 
it occurs only at loop level in the SM. 

New physics effects can manifest themselves through the Wilson coefficients, whose 



values can be different from the ones in the SM |]T^ |l8l, as well as through the new 



operators |]l9l. Note that the inclusive B — > and B X^t^i decays have already 



been studied with the inclusion of the fourth generation in the SM pi}] . 

The paper is organized as follows. In section 2, we present the necessary theoretical 
expressions for the B — »• K*l'^i~ decay in the SM with four generations, as well as the 
expressions of the other physical observables such as forward-backward asymmetry and 
the ratio of the decay widths when K* meson is polarized longitudinally and transversally. 
Section 3 is devoted to the numerical analysis and our conclusion. 
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2 Theoretical results 



The matrix element of the B K*i~^i decay at quark level is described by 6 si^£ 
transition for whom the effective Hamiltonian at 0(/i) scale can be written as 

neff = -^v,,v*J:c^i^^)o^i^^)^ (i) 

where the full set of the operators Oi{fi) and the corresponding expressions for the Wilson 
coefficients Cj(/i) in the SM are given in |^2|, 23| . As has been noted already, in the model 



we consider in this work where the fourth generation is introduced in the same way the 
three generations are introduced in the SM, no new operators appear and clearly the full 
operator set is exactly the same as in SM. The fourth generation changes only the values 
of the Wilson coefficients Cj{n)^ Cg{fi) and Cio(/i), via virtual exchange of the fourth 
generation up quark t'. The above mentioned Wilson coefficients can be written in the 
following form 

^tb ^ts 

cro\^^) = (/i) + ^C^iT (/i) , (2) 

^tb ^ts 

where the last terms in these expressions describe the contributions of the t' quark to the 
Wilson coefficients and Vfb and Vfs are the two elements of the 4x4 Cabibbo-Kobayashi- 
Maskawa (CKM) matrix. In deriving Eq. (2) we factored out the term V^lVts in the effective 
Hamiltonian given in Eq. (1). The explicit forms of the Cf^"" can easily be obtained from the 
corresponding Wilson coefficient expressions in SM by simply substituting — >■ mf (see 



2^]). Neglecting the s quark mass, the above effective Hamiltonian leads to following 
matrix element for the b si'^i"' decay 

Ga 
2^271 



M = -^VtbV* 



2Cf ^scr^,g'^(l + 75)6£7. 



(3) 



where = {pi + ^2)^ and pi and p2 are the final leptons four-momenta. The effective 
coefficient Cg°* of the operator Og = S7^(l — 'y5)bi'yni can be written in the following form 

= Cg + Y{s) , (4) 

where s = q^/m\ and the function Y{s) contains the contributions from the one loop 
matrix element of the four quark operators. A perturbative calculation leads to the result 



22, 23 



YpeAs) = ^7(m„s)(3Ci + C2 + 3C3 + C4 + 3C5 + C6)-^^?(l,s)(4C3 + 4C4 + 3^5 + ^6) 
- i^(0,s)(C3 + 3C4) + ^(3C3 + C4 + 3C5 + C6) , (5) 
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where mc = tT^c/^b- The exphcit expressions for g{rhc, s), g{0, s), g{l, s) and the values of 
d in the SM can be found in H, ||. 





C2 


C3 


C4 




c. 




(JSM 




-0.248 


1.107 


0.011 


-0.026 


0.007 


-0.031 


-0.313 


4.344 


-4.669 



Table 1: The numerical values of the Wilson coefficients at = m;, scale within the SM. 
The corresponding numerical value of is 0.362. 

In addition to the short distance contribution, Ypf,r{s) receives also long distance con- 
tributions, which have their origin in the real cc intermediate states, i.e., J/V', ip' ■, ■ ■ ■■ The 
J/ip family is introduced by the Breit-Wigner distribution for the resonances through the 
replacement [p5[] - [p^] 



3^ WO) V- mvT{Vi 



where C^^^ = 3Ci + C2 + 3C3 + C4 + 3C5 + Cq. The phenomenological parameters Ki can 
be fixed from B{B K*Vi K*i+i-) = B{B K*Vi) B{Vi i+r), where the data 
for the right hand side is given in [Q. For the lowest resonances J/ip nad ip' we will use 
K, = 1.65 and k, = 2.36, respectively. In our numerical analysis we use the average of J/ip 
and ip' for the higher resonances ip^^'^ (see p9| ). 

It follows from Eq. (3) that in order to calculate the decay width and other physical 
observables of the exclusive B —>■ K*i~^i~ decay, the matrix elements {K* |s7^(l — 75)&| B) 
and {K* \siafj,iyq'^{l + 'y5)b\) have to be calculated. In other words, the exclusive B — >• 
K*i~^i~ decay which is described in terms of the matrix elements of the quark operators 
given in Eq. (3) over meson states, can be parametrized in terms of form factors. For 
the vector meson K* with polarization vector the semileptonic form factors of the V-A 
current is defined as 

{K*ip,e)\s^,{l-^,)b\B{pB)) = 

-e^,upae*''p''q'' ^^^^ ^ te^{mB + mK*)Ai{q^) + i{pB + PK*)^,{e*q) ^^[^ ^ 

niB + mx* niB + mK* 

+^q,'^-^{e*q)[As{q') - A,{q')] , (7) 
L J 

where e is the polarization vector of K* meson and q = Pb —px* is the momentum transfer. 
Using the equation of motion, the form factor ^3(5^) can be written in terms of the form 
factors Ai{q'^) ^2(5^) as follows 

mB + rriK* . rus - tuk* . 

In order to ensure finiteness of (8) at q^ = 0, we demand that A3(g^ = 0) = Ao(g^ = 0). 
The semileptonic form factors coming from the dipole operator a^^q'^{l + 75)6 are defined 
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as 



{K*ip,e)\ma^,q''il + ^,)b\BipB)) = 

4e^.p.£*WTi(g') + 2t k(m| - mj,.) - {pb + PK')^{e*q)] T^{q^) 



q^, - {pb + Pk- 



1 2 1 



Using the form factors, the matrix element of the B K* 
form 



Tsiq') . (9) 
decay takes the following 



M 



Ga 



X 



— e 



e p^i^.q 



2\/(g2^ 



- ie*{mB + mK*)Ai{q ) + i{pB + PK*)i,is*q)- 



A2{q' 



+iqp 



g2 



■e*q) A,{q') - A,{q' 



-4 



tot 



Ae^.p.e*''p'K*q''T^{q^) + 22(e;(m| - 



m 



K* 



HPB+PK*)p{e*q))T2{q') + 2i{e*q)\q^ - {pb+Pk* 



K* 



(10) 



From Eqs. (7), (9) and (10) we observe that in calculating the physical observables at 
hadronic level, i.e., for the B K*i~^i~ decay, we face the problem of computing the 
form factors. This problem is related to the nonperturbative sector of QCD and it can 
be solved only in framework a nonperturbative approach. In the present work we choose 
light cone QCD sum rules method predictions for the form factors. In what follows we 
will use the results of the work [^, 31, ^ in which the form factors are described by a 
three-parameter fit where the radiative corrections up to leading twist contribution and 
SU(3)-breaking effects are taken into account. Letting 

F{q') e {y(g2),Ao(g^),Ai(g2),A2(g^),A3(g^),Ti(g2),T2(g2),T3(g2)} , 



the g -dependence of any of these form factors could be parametrized as |30, 31 



F{s) 



m 



1 — ap s + bp s"^ 



where the parameters F{0), ap and hp are listed in Table 3 for each form factor. 

Using this matrix element and the helicity amplitude formalism (see for example |^ 
3|, H), we get for the B K*i+i- decay width 
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m 


ap 


bp 


At 




0.47 


1.64 


0.94 


Af- 


^K* 


0.35 


0.54 


-0.02 






0.30 


1.02 


0.08 


v^- 




0.47 


1.50 


0.51 




^K* 


0.19 


1.53 


1.77 


rpB- 


■*K* 


0.19 


0.36 


-0.49 


rpB- 




0.13 


1.07 


0.16 



Table 2: The form factors for B K*i'^i in a three-parameter fit pO|] . 



dT 



dq^dx 2^^n^mB 



X ■ 



+ 



MX' 


2 

+ 




2 

+ 




2 

+ 




2 

+ 




2 

+ 




2 

+ 





M_ 



Mr 



+ 



Mr 



+ 



Mr 



(11) 



where superscripts denote hehcities of the leptons and subscripts correspond to the hehcity 
of the vector meson (in our case K* meson). In Eq. (11) 

A(l, r, s) = 1 + + - 2rs - 2r - 2s , 
= {PB-pK*f , 



V = yl — Amj/q'^, (velocity of the lepton), and 
X = cos 6, {0 = angle between K* and £~), 
r = m\*/m\ . 



The explicit forms of the helicity amplitude M^^ ^ are as follows: 



±^mi sin e (^201"' H± + ACl°'^n±^ , 



M: 



M 



± 



M 



± 



[—1 ± cos I 
l±cos^) 



2 (Cf - vC'{^) H± + 4Cf -^H± 



++ 



2m^cos^ ( 201"^ Ho - AC^^^^Ko] + AmtCf^H^s > 



— Y sin 9 
Mt~{v -v) , 



where 



if± = VflB 



n 



± 



1 + 

1 - r - + + A(l, r, 5) 



ruB 
2^ 



mBAV2(i,r,s) 2 



2m| 



(12) 



"Wo 



m 



B 



'l-r){l-r-s)T2iq')-X{l,r,s) 



T2{q') + j^niq') 
1 — r 



, (13) 



In the present paper, we study the dependence of the following measurable physical 
quantities, such as 

(i) r+/r_, 

(ii) Tl/Tt = To/{T+ + T_), 

(iii) the lepton forward-backward asymmetry 

on g2 and on the t' quark mass for the fixed values of the "new" CKM factor V^yt'h- Here 
the subscripts 0, L and T indicate the hehcities of the K* meson, respectively. Prom Eq. 
(11), we can easily obtain the explicit expressions for r+, r_ and Fq as 



M 



± 



+ 



+ 



M 



± 



+ 



M 



± 



(14) 



where the upper(lowcr) subscript in F corresponds to A4+(A1_) and 



2i%5^B 



To = 



+ 



Mr 



+ 



Mo 



(15) 



6 



From Eqs. (14) and (15) the expressions for the ratios r+/r_ and Vi/Vt = Fq/ (r_|_+r_) 
can easily be obtained. These quantities are measurable from the experiments. 

The normalized forward-backward asymmetry ApB is one of the most useful tools in 
search of new physics beyond SM. Especially the determination of the position of the zero 
oi ApB can predict about new physics [^. Indeed, existence of the new physics can be 
confirmed by the shift in the position of the zero of the forward-backward asymmetry. This 
shift of zero position can be used in looking for new physics. Therefore in the present work 
the forward-backward asymmetry Aps is considered, which defined in the following way 



_d_ 



dV 

dq^dx 





-1 dq^dx 



\x 

dq^dx 



+ 



dV 
-1 dq^dx 



(16) 



To obtain quantitative results we need the value of the fourth generation CKM matrix 
element |V^T^Vf;,|. For this aim following pOf, we will use the experimental results of the 
decays B{B —>■ Xg'-f) and B{B —>■ XcCUe) to determine the fourth generation CKM factor 
V-i^gVt'b- In order to reduce the uncertainties arising from 6-quark mass, we consider the 
following ratio 



R 



In leading logarithmic approximation this ratio can be written as 

\V:M^ 6a|C*°*(m,)|' 



R 



cb\ 



IT f {rhc) K{mc 



where the phase factor f{rhc) and 0{as) QCD correction factor K{mc) fS^] of h 
given by 



(17) 
civ are 



1 - %ml + %rhl -ml- 24m^ ln(m 



3tt 



2 31\ , - x2 3 

TT 1 — H — 

4 / ^ 2 



Solving Eq. (17) for V^J^Vfb and taking into account Eqs. (2) and (18), we get 



± 



irRlVcbl fifhc 



]K[mr 



^new 



{rrib) 



(19) 



It is observed from Eq. (19) that V^^Vt'b depends on the t'-quark mass and its values for 
different choices of the t'-quark mass and for the experimentally measured branching ratio 
B{B — i> Xs^y) = 3.15 X 10^^ (see also [^), are listed in Table 3 (Here we present only 



the central value. It should be noted that the LEP result on {B Xs'~f) coincide with 
the CLEO result within the error limits and for this reason we don't present LEP result. 
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mt' (Gel/) 


50 


100 


150 


200 


250 


300 


400 


y;,v;l+) X 10-^ 


-14.48 


-10.01 


-8.37 


-7.55 


-7.07 


-6.75 


-6.36 


V,1,vt,^ X 10-3 


3.45 


2.39 


2.00 


1.80 


1.69 


1.61 


1.52 



Table 3: The numerical values of V^gVt'b for different values of the t'-quark mass. The 
superscripts (+) and (— ) correspond to the respective signs in front of the square root in 
Eq. (19) 



From unitarity condition of the CKM matrix we have 



(20) 



If the average values of the CKM matrix elements in the SM [^are used, the sum of the 



first three terms in Eq. (20) is about 7.6 x 10-^. Substituting the value of V^gVj}^^ from 
Table 3, we observe that the sum of the four terms on the left-hand side of Eq. (19) is 
closer to zero compared to the SM case, since V^gVfb is very close to the sum of the first 
three terms, but with opposite sign. On the other if we consider V^^vl)'^\ whose value is 
about 10-3 and one order of magnitude smaller compared to the previous case. However it 
should be noted that the data for the CKM is not determined to a very high accuracy, and 
the error in sum of first three terms in Eq. (19) is about ±0.6 x 10"^. It is easy to see then 
that the value of Vp^vl}^'^ is within this error range. In summary both V^^vj)'^'' and V^gV^i~^^ 



't'b 



< 10" 



X 



(+) 



V* 



satisfy the unitarity condition (19) of CKM. Moreover, since V^JgV^l 

^t*s^t'b ^ contribution to the physical quantities should be practically indistinguishable from 
SM results, and our numerical analysis confirms this expectation. 



3 Numerical analysis 

Having the explicit expressions for the physically measurable quantities, in this Section we 
will study the infiuence of the fourth generation to these quantities. The values of the main 
input parameters, which appear in the expression for the decay widths Fq, F+, F„ and 
ApB are: 

rub = 4.8 GeV, = 1.35 GeV, = 1.78 GeV, 

= 0.105 GeV, tub = 5.28 GeV, ttik* = 0.892 GeV 

The invariant dilepton mass distribution for the B —>■ K*fi^fi^ and B —>■ K*r^r^ 
decays, with and without the long distance effects are presented in Fig. 1 and Fig. 2, re- 
spectively, for the choice of V;X^^\ and at m^/ = 50 GeV, 100 GeV, 150 GeV and 200 GeV. 
From these figures we see that the predictions of the fourth generation model and SM on 
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the differential branching ratio practically coincide in this case. This result can be ex- 
plained by the fact that V^*gVj'i^^ is of the order of 10~^ and it is one order of smaller than 



Vts^tb = 0.038 |^8|] in the SM. For this reason, the effect of the fourth generation in this 
case is small. Similar conclusion for the same case can be drawn for the lepton forward- 
backward asymmetry (see Figs. (3) and (4)). However, when we consider the V^J^V^^P case, 
the situation changes essentially and Figs. (5) and (6) depict the invariant mass distribution 
for the B — ^ K*n~^ij,~ and B —>■ K*t~^t~ decays for this case, respectively. We observe from 
Fig. (5) that the four generation model predicts lower value compared to SM when mt' is 
less than nit. At mt> = 200 GeV, the differential decay rate is enhanced almost twice. The 
behavior of the differential decay width between J/ ip and ip' regions differ essentially in the 
two considered models. Further, we observe from Fig. (6) that, for the B — > K*t^t~ case 
at iriti = 150 GeV, four generation model predicts twice as much lower value compared to 
SM. As rriti increases, departure from SM prediction becomes exaggerated even further. 

The dependence of the lepton forward-backward asymmetry Aps on of the B 
K* jjL^ ljL~ and B — > K*t'^t~ decays are depicted in Figs. (7) and (8), for the V^J^vj^ case. 
We see from Fig. (7) at mt' = 50 GeV, ApB is positive in the subinterval up to its zero value 
from origin, while it is negative in the same range at all other choices of mti. Therefore 
determination of the sign of the lepton forward-backward asymmetry in experiments can 
yield useful information for establishing new physics. A careful analysis of the same figure 
suggests that the shift in the position of the ApB for different values of nit' could be an 



indication of the unambiguous information about the existence of new physics ||36l . 

In Figs. (9) and (10) we investigate the the dependence of the ratios r+/r_ and Vl/Vt 
on for both roots of the V^gVt'b, at different values of the mf for the B — >• K*fi^^~ 
and B K*t^t^ decays, respectively. As have already been noted, due to the smallness 
of the V^7,,vjl\ these ratios practically display the same behavior as predicted by SM for 
this choice, confirming our expectation. So, this case can yield no information about new 
physics. On the other hand, it follows from Fig. (9) that for the Vt*gV},^^ case, the essential 
departure from the SM result is quite obvious in the B — > K*fi'^fi~ decay for the ratio 
r_|_/r_. Moreover, the effect of the fourth generation in the ratio Tl/Tt is depicted in 
Fig. (10), whose behavior clearly shows a strong dependence on the value of the m^/, 
especially in the B K*t^t~ decay. Such a dependence can be explained as an indication 
of the fact that for Tl/Tt, the terms proportional to the lepton mass can give considerable 
contribution. 

Finally we would like to note that 4x4 CKM matrix contains three CP-violating phases 
and hence CP violation might be sizeable. We will discuss this problem elsewhere in one of 
the future works. 

To summarize, the exclusive rare B —>■ K*i~^i~ {i = fi, r) decay has a clean experimental 
signature and will be measured at the present asymmetric B factories and future hadronic 
HERA-B, B-TeV and LHC-B machines and is very sensitive to the various extensions of 
the Standard Model. In the present work this decay is studied in the SM with the four 
generation model. The two solutions of the fourth generation CKM factor V^gVt'b have 
been used. It is found out that for the choice of the positive root of the factor VJ*^V^1^'*, 
the measurements of the invariant mass distribution, lepton forward-backward asymmetry 
and the ratio r+/r_ could be quite efficient in establishing the fourth generation in the 
B K*fi^fi~ decay, while the measurement of the ratio Tl/Tt in the B K*t^t~ decay 
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seems to be very informative in searching new physics. 
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Figure captions 

Fig. 1 The dependence of the invariant dilepton mass distribution for the B — > K*ij,'^ijl~ 
decay on at different values of mf, with and without the long distance effects, for the 
choice of VffgVj^\ In Figs. (1) - (8) the ordering of the lines with respect to different values 
of m, are the same, as indicated in Fig. 1. 

Fig. 2 Same as Fig. 1 but for the B K*t^t~ decay. 

Fig. 3 The dependence of the forward-backward asymmetry for the B K*fi^fi^ decay 
on q"^ at different values of rrit', with and without the long distance effects, for the choice 

Fig. 4 Same as Fig. 3 but for the B K*r'^r~ decay. 

Fig. 5 Same as Fig. 1 but for the choice of V^^^V^'^^- 

Fig. 6 Same as Fig. 2 but for the choice of V^*^V^1^ 

Fig. 7 Same as Fig. 3 but for the choice of V^*sV^/^ 



Fig. 8 Same as Fig. 4 but for the choice of V^^gVj'^ 

Fig. 9 The dependence of the ratio r+/r_ on rrit 
B K*ii'^ii~ and B K*t~^t~ decays. 



for both roots of the V^gVt'b, for the 



Fig. 10 The dependence of the ratio Vl/Vt on rrit' for both roots of the V^gVt'hi for 
the B K*^'^^" and B K*r'^r~ decays. 
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